Introduction
Fuel droplet combustion is a heterogeneous reactive process which is a major contributor to the behavior of combusting sprays as well as being a fundamental geometry from which critical information concerning di usion ame behavior may b e o btained. Classical studies of the burning or evaporating droplet indicate that, assuming spherical symmetry and quasi-steady behavior, the temporal variation in droplet diameter follows the so-called \d 2 (1) where d l is the time dependent diameter of the liquid droplet during combustion or vaporization and K is known as the \burning rate constant", which often is characterized in units of mm 2 =sec. While under many circumstances in normal gravity the droplet is roughly spherical and the detectable droplet diameter does indeed follow a d 2 type of dependence on time, buoyant e ects often render the di usion ame shape non-spherical. An understanding of the applicability of the d 2 law to burning droplets has been one driver for fundamental microgravity droplet combustion research 2 . In a gravitational eld, studies have shown that there can be a signi cant increase in fundamental heat and mass transfer rates from reactive surfaces with the imposition of an external acoustical eld 3{5 . In terms of fuel droplet combustion, the experiments of Blaszczyk 6 examine the e ect of acoustic waves imposed on a single burning droplet within an openended duct excited by a loudspeaker at the closed end. For diesel and petrol fuel droplets of initial diameters between 2.0 and 2.5 mm, Blaszczyk measures up to a 14% increase in the combustion rate constant K during acoustic excitation (as compared with no acoustic excitation) in the excitation frequency range 150-300 Hz and sound pressure level range 100-115 dB. At frequencies above 300 Hz, Blaszczyk observes a dropo in the droplet burning rate constant, asymptoting to values of K that lie above the unforced value, while at forcing frequencies below about 150 Hz, the burning rate constants are observed to actually lie below the unforced value. These observations are likely in uenced by the fact that standing waves are not always generated in this AIAA{2001{0328 waveguide.
The recent experiments of Sujith, et al. 7 examine the behavior of single evaporating methanol droplets which are injected within and move through an acoustic waveguide in which standing waves are generated. The 50-150 m diameter droplets are imaged at integral multiples of the acoustic half wavelength in order to ensure that droplets are exp o s e d t o t h e same integrated velocity perturbation in each image evaporation rate constants are then determined on the basis of these images. These researchers see a signi cant increase, over 100%, in the evaporation rate constant during acoustic excitation for amplitudes of excitation exceeding 160 dB, which correspond to velocity perturbations of the order 5 m/sec and above. For sound pressure levels of 150 dB and below, which correspond to velocity perturbations on the order 1.6 m/sec and below, there is very little change observed in the evaporation rates as compared with unforced evaporating droplets. These observations are primarily attributed to an \increase in convective heat and mass transfer to and from the droplet, respectively, caused by acoustic oscillations".
The experiments of Saito, et al. 8, 9 also examine the e ects of acoustic waves on single evaporating and burning fuel droplets (kerosene, in the size range 1.3-1.8 mm in diameter). Here there is an emphasis on the position of the droplet, which is xed at either a pressure node or antinode of standing waves formed within a closed acoustic waveguide. These researchers nd that when the fuel droplet is situated at a pressure node (corresponding to a velocity antinode), there can be a two to threefold increase in evaporative or combustion rate constants, but when the droplet is located at a pressure antinode (or velocity node), there is little appreciable change in the evaporation or combustion rates. The frequency range for which substantial increases in combustion rates are observed here is about 70-100 Hz, for excitation amplitudes between 95 and 115 dB. For excitation above 100 Hz, even when the droplet is situated at a pressure node, there is no appreciable increase in the combustion rate constant K, which asymptotes to its unforced value at high frequencies. Similarly, for excitation levels below 95 dB, there is no appreciable change in droplet evaporation or burning rate constants as compared with unforced values. These researchers also quantify changes in ame temperature, for the acoustically excited kerosene droplets situated at a pressure node, which are 673-1073K higher than for unforced, burning droplets 9 . These signi cant increases in ame temperature, and associated signicant increases in burning rate constants, are thought to result from promotion of \mixing between fuel vaporandoxygen in the air...by applying acoustic excitation" when the droplet is situated at a pressure node.
The present study similarly examines single fuel droplet combustion within an acoustic waveguide, in the absence of any m e a n ( i m p o s e d ) a i r o w. Focus is placed in the present experiments on excitation conditions in which the droplet is situated at either: 1) a velocity a n tinode (pressure node), where the droplet experiences the greatest e ects of velocity perturbations and uid mechanical straining of ame structures, or 2) at a velocity node (pressure antinode), where the droplet is exposed to minimal velocity uctuations. The e ects of the amplitude and frequency of excitation, the droplet position relative to pressure/velocity perturbation maxima, and conditions leading to increased burning rates are explored, and possible physical phenomena underlying these observations are identi ed. In the future it is expected that these experiments will be conducted in NASA Microgravity C o m bustion facilities.
Experimental Facility and Methods
In the present con guration, the fuel droplet (here, liquid methanol) and surrounding di usion ame are situated within an essentially onedimensional, closed, cylindrical acoustic waveguide operating at background atmospheric pressures. Standing waves are generated within the waveguide by a loudspeaker placed at one end. The speaker generates acoustic perturbations with varying frequency and amplitude via a function generator and ampli er. The basic con guration for the waveguide and droplet is shown conceptually in Figure 1 . The length of the acoustic waveguide is adjustable so as to maintain standing waves in the guide.
A detailed schematic diagram of the experimental apparatus is shown in Figure 2 . The waveguide is constructed of aluminum, with an inner diameter of 11.4 cm and a maximum length of 150 cm. Quartz AIAA{2001{0328 windows (2.5 cm diameter) are situated at either side of the center of the waveguide for optical access. An 8-ohm audio speaker with a maximum power output of 40W is placed at one end of the waveguide, and a w ave re ector is placed at the opposite end. The distance L between the speaker and the re ector is adjustable by m o ving both the speaker and re ector so that L can be made to be an integral multiple of half the acoustic wavelength, 1 2 = 1 2 a=f , where a is the speed of sound in the waveguide and f is the applied frequency of acoustic excitation. This allows standing waves to be generated so that if the droplet is situated at the center of the waveguide, it may be exposed to conditions corresponding to either a pressure node or a pressure antinode, depending on the applied frequency f and the length L.
Since the diameter of the waveguide is much larger than that of the droplet (which i s b e t ween 1.0 and 1.6 mm), the droplet is essentially exposed to plane acoustic waves. The presence of standing waves is veri ed in measurements by t wo pressure transducers labeled PT1 and PT2 in Figure 2 , situated at the center and re ector end of the waveguide, respectively. For a xed waveguide length, a sweep in frequencies of the applied acoustic excitation will indicate the presence of a pressure node (or velocity antinode) at the center of the waveguide when the sound intensity measured by PT2 is a local maximum and the intensity measured by P1 is a local minimum. Similarly, a pressure antinode (velocity node) at the center of the waveguide will be detected when both PT1 and PT2 measure local maxima in sound intensity. Figure 3 , for example, shows the variation in sound intensity measured at transducers PT1 and PT2 as a function of the frequency applied by the loudspeaker, for a xed waveguide length of approximately L = 1346 mm. The gain to the ampli er is xed here so that the local increases in sound pressure level are only the result of changing the applied frequency to the speaker. Conditions at the center of the waveguide corresponding to a pressure node are clearly identi ed at approximately 135, 370, 593, 860, and 1170 Hz, while pressure antinodes appear at the waveguide center at applied frequencies of 250, 480, 730, 990, and 1230 Hz. Hence it is a relatively straightforward task to create conditions where the burning fuel droplet is exposed to standing waves at either a pressure node or antinode.
An unusual feature of the present experiments is that the fuel droplet here is suspended within the waveguide from a quartz capillary of approximately 0.3 mm OD, through which methanol fuel is continuously delivered during droplet combustion. The methanol is stored inside a Helium-pressurized 300 ml tank, after which it is ltered to eliminate particulate contaminants and then metered to the capillary by a solenoid valve ( m a n ufactured by the Lee Co.). The volume ow rate Q v of the fuel into the capillary is altered by c hanging either the duty c y c l e or the frequency of operation of the solenoid valve. Q v may be determined in either of two w ays in the present setup: 1) through measurement o f t h e volume of methanol exiting the capillary over xed periods of time, or 2) through measurements of the instantaneous droplet diameter d l (t) during valve operation, as described below. Either method gives approximately the same value of Q v under speci c valve operation conditions, with a relative error of about 5% between the two methods. An example of the relationship between the measured volume ow rate Q v and the valve duty cycle DC, for a xed frequency of operation of the valve, 250 Hz, is shown in Figure 4 . Similar data are obtained at other valve frequencies but the current experiments are conducted at a constant v alve frequency of 250 Hz, so that a reading of duty cycle indicates directly the volume ow rate of fuel used to feed the droplet.
In the present experiments the instantaneous fuel droplet diameter d l is determined by back-lighting the droplet and imaging the magni ed droplet shadow o n to a linear photodiode array (EG&G Reticon Model RC0730). The photodiode is set to operate at 50 Hz (i.e., 50 images/sec) by an external trigger. A 12 bit acquisition card (Tattletale Model 8) is used to acquire the droplet's shadow image from the photodiode. The image is then digitized at 100 KHz to obtain the droplet diameter d l as a function of time. In the present experiments, a steady volume ow rate of methanol, Q v , is su cient t o m a i n tain an essentially constant (burning) droplet diameter d l in time (within 1.2% of the mean value). This behavior is indicated in Figure 5 . Larger values of Q v naturally produce larger droplets burning in a quasi-steady manner.
It should be noted that, in order to prevent v apor-ization of the fuel within the quartz capillary just above the droplet, which can occur if the ame surrounding the droplet is directly exposed to the capillary for any signi cant period of time, an insulating shroud is placed above the end of the quartz capillary. A schematic of this arrangement in shown in Figure 6 . The variable distance X between the shroud and the end of the capillary (and hence the approximate center of the droplet) can in uence the droplet burning characteristics, although this in uence is applied systematically to both unforced and acoustically forced droplets. The in uence of the parameter X is explored in the Results section below.
Knowledge of the applied fuel volume ow r a t e Q v and the instantaneous droplet diameter d l may be used to determine the e ective droplet burning rate constant K. Assuming the fuel droplet suspended from the quartz capillary to be roughly spherical, the time rate of change in the droplet volume must be balanced by the di erence between the volume ow rate of fuel delivered to the droplet (Q v ) and the rate of loss of fuel at the droplet surface due to the evaporation/combustion process ( 4 d l K). Hence the \burning rate constant" K may b e estimated from measurements of the temporally evolving diameter d l (t), the time derivative i n d l , a n d t h e v olume ow rate Q v , according to the relation:
While the transient term in equation (2), 2d l _ d l , is generally rather small, its size can depend on the noise associated with measurements of droplet diameter and hence on the means by w h i c h the derivative is evaluated. Since the main focus of the present experiments is on the evaluation of mean burning rate constants (that is, averaged over 2-3 seconds of data) and their sensitivity to the presence of acoustic excitation, the results described below are essentially the same whether or not the transient term in equation (2) is included.
Results The combustion processes associated with a s u spended methanol droplet within the present w aveguide in the absence of acoustic excitation may b e r s t explored and compared with published data 10{12 . The primary di erences in the method of determining K between the present studies and more conventional droplet combustion studies are as follows. First, in the present experiments the droplet is continuously supplied fuel through the capillary during combustion, as opposed to the conventional method 8{12 of igniting and burning a single,\unfed" droplet and measuring K from the observed variation in droplet diameter according to equation (1) . Second, the presence of the shroud (Figure 6 ) is not common to most droplet combustion experiments, and the value of the length of the capillary, X, c a n a ect combustion characteristics. The e ect of continuous fuel feeding here may b e explored by comparing K values obtained here with and without such feeding. The latter is accomplished by simply allowing the valve to deliver only a xed amount o f fuel to form a droplet of initial diameter d l , then closing the valve. Ignition and burning of this \unfed" droplet allows measurements of the variation in d l (t) to be compared with the classic \d 2 law" (equation (1)) and hence allows a conventionally determined K to be extracted. The e ect of the length of the quartz capillary extending from the shroud, X, m a y be explored systematically as well. Figure 7 shows the dependence of the mean (timeaveraged) burning rate constant, < K >, on the initial diameter d l for the \unfed" droplet and on the quasi-steady value of d l for the continuously fed droplet. Two di erent v alues of the capillary length X are considered here for X values smaller than 2 mm there is severe distortion of the droplet shape, with liquid \riding up" the capillary, and for X values larger than 3 mm, vaporization of the fuel within the quartz ber occurs when the droplet is ignited, so that coherent droplets are not sustained. In the conventional (\unfed") evaluation of the mean burning rate constant, < K > is relatively invariant with the initial droplet diameter, consistent with published data 8{10 , for the regime of droplet sizes considered here (ranging from 1.0 to 1.6 mm). In contrast, the continuously fed, burning fuel droplet experiences a reduction in the burning rate constant with increasing droplet diameter, asymptoting to a c o nstant value of < K > at droplet diameters above about 1.3 mm.
As might be expected, as the quartz capillary is extended further from the shroud (increasing X), the mean burning rate constant increases for both methods of evaluation because the surrounding dif-AIAA{2001{0328 fusion ame is somewhat better able to envelope the droplet at a larger X and hence more fuel is vaporized in a given amount o f t i m e . The average burning rate constant for the \unfed" droplet at X = 3 mm, < K > 0.87 mm 2 =s, is closest to most published values of < K > for methanol droplet combustion in normal gravity: 0.86 mm 2 =s measured by Smith and Graves 12 and 0.9 mm 2 =s seen by Vielle, et al. 11 , for example.
What is most striking in Figure 7 , however, is that the asymptotic values of the mean burning rate constants for the continuously fed droplets situated at X = 2 mm and X = 3 mm are each about 40% greater than their corresponding \unfed" droplet < K > values. We believe that these higher burning rates are due at least in part to the velocity e l d set up within the droplet and at its surface during the continuous fuel delivery. Some researchers have studied the e ect of the liquid internal and surface ows for vaporizing and burning droplets, but which are produced by an external gas ow 13, 14 . The internal and surface ows in the present cont e x t , i n t h e a bsence of an external gas ow, could be even more signi cant an in uence on transport properties at the droplet surface. Non-zero surface velocities of the liquid, estimated here to be of the order of 3 cm/sec, set up additional contributions to viscous stresses, which in turn contribute to the heat and mass transport in this vicinity, l i k ely increasing vaporization and burning rates. The e ect of surface velocities here may in fact be somewhat analogous to the e ects of gravity-driven natural convection in the vicinity o f a burning (unfed) fuel droplet. The latter phenomenon, with e ective convective speeds of the order 5 cm/sec 15 , also contributes additional viscous stresses at the droplet surface (when compared to the burning droplet in microgravity), resulting in burning rate constants which can be 30-40% higher than those in microgravity 2, 11 . While the primary method for determining burning rate constants here produces values of < K > which are systematically higher, by 4 0 % , t h a n c o nventional values, the relative change in < K > resulting from acoustic excitation actually is the same irrespective of the method of evaluation. Tests conducted as described above, comparing \unfed" and continuously fed burning fuel droplets but with the imposition of an acoustic eld, show that fractional changes in burning rate constant observed due to acoustic excitation for the unfed droplet are virtually the same (i.e., lie within the experimental error) as those for the continuously fed, burning droplet. Hence it is appropriate to quantify the ratio of acoustically forced to unforced burning rate constants in all results shown here, as these should be valid irrespective of the method of forming the droplet and measuring the burning rate.
The present experiments con rm the observations of Saito, et al. 8, 9 which suggest that the e ect of acoustic excitation on droplet burning rates can be substantial if the droplet is situated at a pressure node, where the velocity perturbations are large. In this instance, Figure 8 demonstrates that the e ective burning rate constant < K > can increase with acoustic intensity, particularly at sound pressure levels above 125 dB. At an SPL of 137 dB, the burning rate constant can be more than 20% above that for a non-forced, burning droplet. These results are qualitatively consistent with earlier experimental studies of the burning droplet in an acoustic eld 8, 9 , a s well as with our own group's corresponding computational studies 16 . But increases in burning rate of two-to-three fold, as seen in the studies of Saito, et al. 8, 9 for kerosene droplets, are not observed here. When the droplet is situated at a pressure antinode (velocity node), the negligibly small velocity p e r t u rbations cause the droplet burning rate constant t o b e essentially the same as that of the unforced burning droplet. These results are shown in Figure 9 . The large pressure oscillations appear to have little e ect on droplet combustion characteristics. These results are again consistent with those of Saito, et al. 8 . Figure 10 further exhibits the increase in burning rate with high acoustic intensity when the droplet is situated at a pressure node, and in addition exhibits preferred frequencies of excitation that appear to enhance the combustion process. This gure shows that the burning rate begins to increase with forcing frequency, and that there is a preferred frequency range (200-400 Hz) within which the mean burning rate constant increases substantially at a given amplitude of excitation. Above excitation frequencies of 400 Hz the burning rate starts to decrease, asymptoting to values somewhat above the non-acoustically forced burning rate constants, as seen by Blaszczyk 6 .
As a means of understanding in a preliminary sense the phenomena which could lead to such changes in burning rate constants during acoustic excitation, photographs of the droplet and ame structure during combustion are shown in Figures  11 . The integration time of the photographs is 5 msec, so that the photographs represent ame (and droplet) images integrated over a single acoustic cycle for 200 Hz excitation. Di erences between unforced and acoustically forced droplet combustion may then be ascertained in an average sense. Interestingly, when the droplet is exposed to acoustic excitation levels that are relatively low (107 dB), whether or not it is situated at a pressure node or antinode, its ame structure is virtually identical to that for the unforced, burning droplet (see Figure 11(b) ). Similarly, when the droplet is situated at a pressure antinode, irrespective of the applied sound pressure level, the ame structure appears unperturbed. It is only when the droplet is situated at a pressure node (velocity antinode), with high amplitudes of excitation, that the ame structure changes (see Figure 11 (c)). The ame structure appears substantially broadened when compared with that associated with the unforced burning droplet, and the ame appears to envelope the droplet somewhat more completely. The broadening of the ame appears to be indicative of periodic motion of the ame, toward and away from the droplet surface, likely in response to the applied acoustic periodicity. As the ame periodically moves closer to the droplet surface over a given acoustic cycle, as also seen in numerical simulations 16 , the cycle-averaged vaporization rate at the droplet surface can increase. This phenomenon likely is the major contributor to the larger mean burning rate constants observed in Figure 8 . Moreover, also as seen by others 9 , a t h i g h levels of acoustic excitation and at speci c frequencies, the ame may tend to be displaced somewhat to one preferred side of the droplet, as suggested in Figure 11(c) . It is not known why during droplet combustion the ame prefers to be stabilized closer to one side of the droplet than the other, since present observations suggest that either side of the droplet is equally likely to be the \preferred" one for a given test. This and related issues will be explored in future studies.
Conclusions
The present experiments quantify increases that can occur in mean burning rate constants associated with a single burning fuel droplet during acoustic excitation. Such increases, which may be as high as 20%, can occur only when the droplet is situated at a pressure node (or velocity antinode), and appear to be associated with periodic perturbations in the velocity eld which result in periodic ame stretch and cyclical ame motion and broadening. No such c hanges in burning rate, nor in ame structure, are observed when the droplet is exposed to acoustic excitation when situated at a pressure antinode (or velocity node). These results are further consistent with prior observations of increases in convective heat and mass transfer rates during acoustical excitation 7{9 , although the magnitude of increase in burning rate is not nearly as high in the present studies as in these prior studies. Future studies will continue to explore such ampli cation of droplet combustion response during acoustic excitation, in addition to the e ects of a microgravity environment. Dependence of the mean burning rate constant < K > for the non acoustically forced droplet on droplet diameter d l . The \unfed" droplet refers to evaluation of < K > via the conventional method, whereas the \continuously fed" droplet refers to evaluation of < K > via the method outlined in the present study. Two di erent values of X, the distance between the end of the insulating shroud and the end of the quartz capillary, are also explored. acoustic excitation at 107 dB and 200 Hz, at a pressure node (velocity a n tinode), and (c) acoustic excitation at 137 dB and 200 Hz, at a pressure node. Here X = 2 mm, and the quasi-steady droplet diameter is 1.2 mm.
